Luminescence and absorption spectra of LiF crystals with F 2 Ϫ color centers ͑CCs͒ were studied in the 14 -300 K temperature range. The Huang-Rhys factors measured from absorption and emission spectra were equal in magnitude and calculated to be 3.2 and 2.72 at 77 and 300 K, respectively. It was shown that below 40 K inhomogeneous broadening of the zero phonon line of the F 2 Ϫ CC prevails over homogeneous broadening. Inhomogeneous broadening of the zero phonon line was observed to vary from 5 to 15 cm Ϫ1 for different crystal preparations. Persistent spectral hole burning stable at room temperature was realized in LiF:F 2 Ϫ crystals.
Spectral hole ͑SH͒ burning has attracted significant attention as a powerful technique for high resolution spectroscopy and may also have potential use in optical memories. 1 We report results of spectroscopic characterization and persistent SH burning in the zero phonon line ͑ZPL͒ transition of F 2 Ϫ color centers ͑CCs͒ in LiF (LiF:F 2 Ϫ ) crystals. F 2 Ϫ CCs are point defects produced by ionizing irradiation. F 2 Ϫ CCs can be considered as three electrons trapped by two adjacent anion vacancies with axial symmetry along the ͑110͒ direction. 2 LiF:F 2 Ϫ crystals are characterized by wide absorption and emission bands in the near-IR spectral region, 0.9-1.1 and 1.04 -1.3 m, respectively, and high quantum efficiency of the luminescence at room temperature. LiF:F 2 Ϫ crystals are widely used as passive Q switchs in resonators of neodymium lasers and as active elements of near-IR tunable lasers. [3] [4] [5] [6] Numerous studies 2 have been devoted to spectroscopic characterization of LiF:F 2 Ϫ crystals. However, a detailed investigation of absorption and emission bands broadening has been never performed. The current study is focused on analysis of spectral broadening of F 2 Ϫ CC absorption and emission bands, and elucidation of the merit of LiF:F 2 Ϫ crystals as a medium for SH burning experiments.
To produce F 2 Ϫ CCs, LiF crystals were ␥ irradiated at 300 K with a dose of 10 8 rad using a 60 Co source. The maximum absorption coefficients of the LiF:F 2 Ϫ crystals studied at room temperature were Kϭ1 -3 cm Ϫ1 ͑at ϭ960 nm͒. The absorption and emission spectra were obtained using an Acton Research ARC-750 spectrometer with spectral resolution of 0.6 cm
Ϫ1
. The data for absorption and emissions spectra were acquired with a lock-in amplifier ͑Model 7265, EG&G Instruments͒ and a SR250 boxcar integrator ͑Standard Research Systems͒, respectively. All spectra were corrected for sensitivity using an Oriel calibration lamp ͑model 9-2050͒. For the fluorescence and SH burning experiments we used a tunable LiF:F 2 ϩ ** laser pumped by an alexandrite laser ͑Light Age, Inc.͒. 7 The LiF:F 2 ϩ ** pulses had a duration of 60 ns and spectral width of 0.2 cm Ϫ1 .
To establish the type of transition broadening the absorption and emission spectra of LiF:F 2 Ϫ CCs were studied in the 14 -300 K temperature range ͑see Fig. 1͒ . At temperature below Tϭ120 K the ZPL transition with a wavelength of 1040 nm can be resolved in the absorption and in the luminescence bands. The broadband transitions to the high vibration levels separated by energy gap ⌬Eϭ267 cm Ϫ1 are seen in the absorption and luminescence spectra at Tϭ14 K. The temperature dependencies of the ZPL transition width ͓full width at half maximum ͑FWHM͔͒ are shown in Fig. 2 . As one can see, a fast decrease in the FWHM in the 100-40 K temperature range gives way to a temperature independent relationship for temperatures below Tϭ40 K. Generally, the FWHM is a convolution of inhomogeneous (⌫ inh ) and homogeneous broadening (⌫ hom ). In solids, inhomogeneous broadening results from local lattice distortion and does not depend on the temperature. The ⌫ hom is strongly temperature dependent in this temperature range. In most cases, the temperature dependence of the absorption and emission bands of CCs can be calculated by the Huang-Rhys model. 8 According to this model, the optical center interacts only with one ''effective'' phonon (v 0 ). As a result, the temperature dependencies of optical transition bands can be established analytically as a function of the effective phonon frequency and Huang-Rhys factor (S 0 ) as
where E abs ϪE em is the Stokes shift, ⌬ is the FWHM of multiphonon bands at high temperature, I ZPL is the area under the ZPL band and I total is the total area under the absorption or luminescence spectrum. There is a common relationship between absorption and the emission band within the limit of the linear approximation of electron-phonon coupling. Based on Refs. 9 and 10 conjugate absorption and emission bands satisfy a mirror-image relationship with respect to the energy of the ZPL transition, i.e.,
where I ab (v)ϭK(v)/v, I em ϭconst*E(v)/v 3 , v ZPL is the frequency of the ZPL transition, K(v) is the absorption coefficient, and E(v) is the spectral density of the luminescence. To verify the validity of the linear mechanism of electronphonon coupling, we checked whether a mirror-image relationship between the emission and absorption bands takes place. The conjugate absorption I a (v) and emission I e (v) bands, measured at Tϭ77 K and calculated according to Eq. ͑4͒, are depicted in Fig. 3 . As one can see from Fig. 3 , the mirror-image relationship between the emission and absorption bands holds over a wide frequency range. Calculation of the Huang-Rhys factor according to Eq. ͑1͒ was made at T ϭ77 K, because at this temperature the absorption and emission bandwidths of ZPLs are much wider than the apparatus function of the spectrometer and inhomogeneous broadening. In addition to this, the value of cth(hv 0 /2kT) only weakly depends on the phonon frequency, and the change of effective phonon (v 0 ), from 150 to 300 cm Ϫ1 , causes only a 12% change of S 0 . The S 0 value calculated from this equation for absorption and luminescence bands was equal to 3.2.
On the other hand, the v 0 and S 0 values can be obtained from Eqs. ͑2͒ and ͑3͒ independently. For these experiments, we measured the temperature dependence of the absorption and emission bandwidths in the 200-350 K temperature range, since at these temperatures the band profile is described well by Gaussian curves. The parameters calculated from Eqs. ͑3͒ and ͑4͒ at room temperature were S 0 ϭ2.72 and v 0 ϭ267 cm
. It is rather close to their values calculated earlier 11, 12 based on the temperature dependencies of the absorption and emission bandwidths. It is worth noting that calculations of the parameters ͑S 0 and v 0 ͒, based only on Eq. ͑2͒, are very sensitive to measurement accuracy.
The F 2 Ϫ CCs are photostable when excited in the main absorption band, which is centered at 960 nm at room temperature ͑RT͒. However, F 2 Ϫ CC photoionization occurs under simultaneous action of radiation of the first and second harmonics of the neodymium laser.
12 Persistent photon-gated SH burning at the ZPL transition was realized at 14 K by using first ͑1040 nm͒ and second ͑520 nm͒ harmonic oscillations of the pulsed LiF:F 2 ϩ ** CC laser. The absorption spectra of the ZPL transition after 5 min of light exposure are presented in Fig. 4 . As one can see from Fig. 4 a spectral hole with a FWHM of 1.7 cm Ϫ1 was created in the LiF:F 2 Ϫ CC crystal. The SH exhibits strong dichroic properties. The maximum amplitude of the SH was in the absorption spectra measured by the light with polarization along the ͑010͒ direction. For this polarization, the SH constitutes 50% of absorption maximum of the ZPL transition whereas the spectral hole amplitude was less than 10% for ͑100͒ light polarization. The SH amplitude was very stable and did not change after two weeks of storage at room temperature.
In conclusion, luminescence and absorption spectra of LiF crystals with F 2 Ϫ color centers were studied in the 14 -300 K temperature range. It was shown that below 40 K, inhomogeneous broadening of the ZPL of F 2 Ϫ CC prevails over homogeneous broadening. Inhomogeneous broadening of the ZPL was observed to vary from 5 to 15 cm Ϫ1 for different crystal preparations. The Huang-Rhys factors were calculated from absorption and emission spectra and were equal to 3.2 and 2.72 at Tϭ77 and 300 K, respectively. A persistent photon-gated SH at the ZPL was realized in LiF:F 2 Ϫ crystals. The SH was stable for more than 14 days when stored at room temperature.
